Mental rotation of body parts is influenced by specific sensory-motor information, and may be performed using an egocentric (subject-based) or an object-based mental transformation. Neurologically healthy volunteers were asked to verbally judge the laterality of visually presented human face, owl face and front of a car with a black patch over one eye/headlight, presented in one of eight orientations. Subjects may or may not have their head held in a head brace. The transformation used to solve the task was assessed with a questionnaire. Response times were non-monotonical at 180
Introduction
Mental imagery can be defined as the activation of an inner representation that causes an almost-perceptive experience in absence of an appropriate sensorial stimulation. It is used to transform and manipulate mental images and to mentally simulate actions. The simulation of a movement requires an amount of time that is proportional to the time needed to actually perform it [32, 41] , determines a specific facilitation on motor potential evoked by TMS [16] and activates a neural network partially overlapping with that involved in the movement planning [13] and execution [23, 32] . Moreover, neurovegetative activation during physical effort is proportional to that measured during the mental simulation of the same task [12] and different cerebral lesions may determine selective and dissociable imagery deficits [41] . Given the stability of temporal and kinematic characteristics of real and sim-ulated movements, it is reasonable that the same properties guide both execution and simulation of the same movement [1, 13, 31] . In this way mental rotation (a class of mental imagery tasks) can be considered a good tool to study motor representations.
The effect of postural signals can produce an effect very specific to the mentally manipulated body part [11, 26, 40] . For example, if people are requested to judge the laterality of hands and feet pictures, while varying the posture of their own hands but not of their feet, then response time varies for hands' judgement but not for feet [25] . Moreover, mental rotation of body parts seems to be influenced by both central and peripheral factors. Indeed it can be impaired by transcranial magnetic stimulation applied over the primary motor cortex of healthy subjects [21] , by cortical [43] and subcortical [24] lesions, as well as in patients with upper limb amputation [29] , locked-in syndrome [6] , chronic upper limb pain [37] and Parkinson's disease [15] . In addition, patients with idiopathic cervical dystonia show an impairment in the mental rotation of body parts but not for non-body parts, such as cars [18] , suggesting the dissociation between the mental manipulation of body and non-body parts [6] .
The present study tests the effect of constraining head movement during mental rotation. This behaviour is often observed in participants taking part in experiments and the potentially specific effect of such a behaviour on different classes of stimuli (human, animal, and inanimate). In the present study participants were asked to judge the laterality of different types of stimuli (human face, front of a car, and owl face) in two different conditions: holding, or not, the head in a head brace. After each session, they were also asked to complete a questionnaire on the kind of mental transformation they used to perform the task. If after the adoption of one kind of mental transformation, objects are treated in the same way regardless to their nature, there should be no differences in response times or accuracy between the different stimuli.
Materials and methods

Participants
Twenty-two participants (seven females) aged 19-33 (M = 25.8 years, SD = 3.2) and all with a college undergraduate level of education, took a part in the experiment. All were right-handed according to an handedness inventory [2] . Ethical approval was obtained by the local ethical committee and written informed consent obtained prior to participation. The study was carried out in accordance with the ethical standards of the 1964 Declaration of Helsinki.
Stimuli
The stimuli, illustrated in Fig. 1 , were pictures of a human face, an owl face and the front of a car, oriented at the upright and in one of seven clockwise orientations from the upright (0
• , 270
• , and 315 • ) presented one at a time in the centre of a computer monitor. The upright view was defined as nose line pointing upwards at 0
• of rotation. A black patch was applied over one eye (or one headlight) of each stimulus. The stimuli covered a visual angle of 11.4
• viewed from a distance of 60 cm.
Procedure
The experimental session consisted of six randomly presented blocks. Two blocks contained 96 face pictures, two contained 96 owl pictures and two contained 96 car pictures. Each orientation was randomly depicted 12 times in each block, with the same orientation presented no more than twice in sequence. The two blocks within each stimulus type varied in terms of head constraint conditions. As depicted in Fig. 2 , in one condition the participants' head was constrained by use of a head brace (fixed) and in the other condition the head was free to move (moving). The order of head constraint and stimuli type was counterbalanced across subjects.
Participants sat on a chair in front of a computer with the monitor (Apple ColorSync) positioned at 60 cm from the participants' eyes. Stimulus presentation was controlled with E-Prime, Beta5 (PST company). Each trial began with a fixation cross on the monitor followed by a stimulus 1000 ms later. Each stimulus remained visible on the screen until the response was given. Participants verbally judged, as quickly and accurately as possible, the laterality of the patch (left or right) on each stimulus. Written instructions were provided for each condition, for example: "In a few moments, photographs will be presented depicting a face with one eye covered with a black patch. The face will be rotated in different orientations on different trials. Your task is to verbally report which eye of the photographed face is covered by the patch (its left or its right) as quickly and accurately as possible. Please maintain a stable and fixed body posture, with your eyes on the fixation point (+)". Response time was automatically recorded by a microphone positioned 25 cm in front of the participant and connected to the computer. Response accuracy was manually entered into the computer by the experimenter and stored for off-line analysis. A semi-structured questionnaire, reproduced in Supplementary materials, was administered after each block to assess the cognitive strategy used to accomplish the task (i.e., imagery strategy).
Data handling of questionnaire
Nine participants [aged 19-31 (M = 25.5 years, SD = 4; four females)] described mentally rotating all the stimuli until they were in an easier orientation to judge (object-based transformation). Nine other participants [aged 23-33 (M = 25.2 years, SD = 3; three females)] described spontaneous spatial transformations of their own body (egocentric transformation) from a position in front of the stimulus. Four subjects used a mixed strategy. Given the stark preference for one type of transformation in the majority of the participants we included the factor 'Transformation' in the analysis; this decision resulted in the exclusion of the four participants who flipped back and forth between transformations. Qualitative responses to questions from the 18 subjects retained are summarized in Table 1 (supplementary materials), where the median responses are identified. Responses were converted from qualitative feedback (e.g. 'always true') to a 7-point numerical scale in order to perform non-parametric analyses; there were a large number of tied ranks in the data. Friedman Analysis of Variance was applied to within group data to assess whether subjects treated the stimuli differently depending on stimulus type and head constraint.
Data handling
Endpoint measures (response time and accuracy) were defined as in Ionta et al. [25] . Therefore response times <500 or >3500 ms were excluded from analysis, and accuracy reflects correct responses. Although incorrect responses were excluded from the analysis of response time, the number of trials lost were minimal as performance approached ceiling. Trials excluded because they were too slow or incorrect amounted to 5.6% of the total.
Response time and accuracy were each analyzed with mixed model analysis of variance (ANOVA). The two analyses included transformation (egocentric, object-based), head constraint (fixed, moving), stimulus type (human, car, and owl), Stimulus laterality (left and right), and stimulus orientation (0
• , and 315
• ) as main factors, with repeated measures from the second to the fifth factor. Post hoc analyses were carried out using simple main effects (Bonferroni corrected) and the Newman-Keuls test (p < 0.05). The distributions tended to violate sphericity, and therefore epsilon corrections are reported as Greenhouse-Geisser (ê) if the Huyht-Feldt epsilon (ẽ) was less than 0.75. The measure of the strength of association for main effects and interactions is reported as partial eta squared (Áp 2 ), the proportion of variance in the dependent variable attributable to the effect. Eta squared (Á 2 ), which is dependent on the number and magnitude of other effects, is reported only for simple main effects.
Results
Questionnaires
Responses by subjects using an object-based strategy revealed no statistical difference across blocks for any question (all exact p ≥ 0.133). Subjects using a egocentric strategy indicated a statistical difference for question (b) "in the judgement of 'right' and 'left', your response was based on the position of the patch with reference to yourself" 2 (5) = 15.28 exact p = 0.003 although post hoc analysis with Wilcoxon Signed Ranks found no difference between the highest (auto moving, 4.44) and lowest (face moving, 2.50) mean ranks (p = 0.156). The responses also indicated a difference for question (g) "how often did you move your hand" 2 (5) = 11.23, p = 0.036; post hoc analysis found no significant difference between the highest (owl fixed, 4.28) and lowest (auto fixed, 2.44) mean ranks (p = 0.063). All other questions failed to reach significance (all p ≥ 0.067). These data indicate that subject's cognitive strategy was stable across blocks.
Notably when egocentric imagers had to judge 0 • tilted stimuli, they performed an imagery rotation of their own body around the stimulus, insofar that they described the mental activity as a kind of "dressing the mask" of the actual stimulus that is a rotation around the z-axis in the ground plane [5] . Indeed, based on responses to the questionnaires the differences found between the two groups (described below) were due to the fact that, in contrast with the object-based transformation, the egocentric transformation did not involve mental rotation, regardless to the presented stimulus.
Response time
Response time data broken down by factor are presented in Table 2 
Response accuracy
Response accuracy approached ceiling. Data are broken down by factor in Table 3 A second two-way interaction was found between stimulus laterality and orientation [F(7,112) = 2.88; p = 0.008 withẽ = 1.00, 
Discussion
This study showed that response profiles for mental rotation of faces and faces-like stimuli were strongly influenced by the type of spatial transformation used, but not by the type of stimuli processed. Specifically, regardless of whether the stimulus was a human face, a non-human (owl) face, or a non-corporeal object (car), response times and accuracy of participants who used objectbased transformations were mediated by the degree of angular rotation, an effect notably absent in participants who used egocentric transformations.
Determining what has occurred in mental imagery studies is, at times, difficult given that imagery is a covert mental process and that different researchers may use different labels for similar processes. We have attempted to deal with the first issue through the use of the semi-structured questionnaire to elicit feedback about the strategy used. To deal with the second issue, we have adopted the operational definitions described in the comprehensive review of Zacks and Michelon [47] . Hence, we use "egocentric transformation" to mean the localization of an object to one's own frame of reference, and "object-based transformation" to refer to the localization of an object relative to a complex of axes relative to the same object.
In the present study, the analysis of the questionnaires administered after each block indicated that object-based imagers described the rotation on the vertical plane for all stimuli orientations, while egocentric imagers described several mental spatial transformations of themselves. This indicates that one set of instructions spontaneously lead to two entirely different strategies, and highlights the importance of recognizing the often glossed over role of individual differences in cognitive strategy and motor imagery performance [47] . Notably, and in accord to other studies which included the spatial transformation of one self with respect to a model room [34] or the spatial transformation of a car and of one's own perspective [45] , the typical psychophysical profile for response times (mental rotation function) was found for the objectbased group, but not the egocentric group. This adds support to the idea of different cognitive strategies underlying the two mental transformations [36, 40, 46] . It might be argued that even in the case of an egocentric mental spatial transformation there could be an effect of the stimuli's orientation. However, the lack of such stimuli's orientation effect in the egocentric group can be interpreted as evidence of greater flexibility from physical laws [46] . In particular it has been shown that RTs for imagined egocentric transformations can be less dependent on the angle of rotation with respect to object-based mental transformations [8, 9, 44, 45] . Neurophysiologically, egocentric imagery seems to cause a direct mapping into one's own body schema and involves overall motor processes, while object-based imagery relies less on motor processes [36, 28] . Galati et al. [20] , for example, demonstrated that in a visuospatial judgement task (line bisection) both strategies activate a fronto-parietal circuit, but that the object-based (labelled "allocentric" in the paper) strategy differed in that it had smaller activations throughout the circuit and additionally recruited subcortical regions related to spatial memory (hippocampal and parahippocampal). Similar findings have been reported with virtual reality navigation tasks [27] , where the object-based ("allocentric") strategy additionally recruited the thalamus and cerebellum. Moreover, an object-based strategy is not completely independent from posture variations, suggesting that smaller motor activations are always needed to operate with body parts mental images [40] .
Constraining head movement did not influence performance during the mental rotation of human faces. This result is the opposite of what is found for the mental rotation of other body parts, particularly hands. People tend to use egocentric transformations when hands are mentally rotated [7, 30, 38] , recruiting motor processes and structures in the process [11] . Subjects imagine moving their own hands from their actual posture into that of the stimulus for comparison [31] , and thus the position of subject's own hands plays an important role in the ability to mentally manipulate hands in space [11, 33, 40] . Indeed, the effect of postural constraints is body part specific in that placing one's hands behind the back impairs the mental rotation of hands but not of feet [25] . Somewhat surprisingly, our results indicate that the physical constraint of head movement is a manipulation which does not influence performance during the mental rotation of faces. Previous work from our lab on cervical dystonia [18] provides some possible insights into this finding; for the healthy subjects included as a control group, the response times (combined left and right) for mental rotation of faces, hands, feet and cars showed that the slopes and intercepts for cars and faces were very similar and lower than for hands and feet. This suggests that mental rotation of body parts (i.e., hands and feet) and mental rotation of faces and faces-like stimuli are based, at least in part, on different processes. Moreover, Fiorio et al. [18] reported that patients with idiopathic cervical dystonia have a body-specific deficit in mental rotation in that all body parts are affected (head, hands, and feet). In contrast, patients with focalhand dystonia are impaired in the mental rotation of only hands but not feet, manifesting a representational deficit specific to the body part affected by the disease [17] . Hence, the lack of an effect of head constraint on mental rotation may be because the manipulation was applied to the vestibular and neck proprioceptive system which, as seen in cervical dystonia patients, is relatively robust to interference.
Another finding was that all three kinds of stimuli were processed in the same way. The face processing literature may be of help in understanding this counter-intuitive result. In particular, the face inversion effect indicates disproportionate disruption of faces recognition following their upside-down inversion, with respect to the recognition of other objects [4] . Interestingly it is also possible to "spread" the face inversion effect also to other nonface stimuli [10, 14] . Indeed non-face objects as well as bodies [35] can be processed as faces [14, 42] . It is worth noting that not only the animal face but also the front of the car used in the present study bears a structural resemblance with face stimuli.
The typical mental rotation function, that is the psychophysical profile showing the increase of response times as a function of the stimulus rotation, was preserved for both left and right stimuli. However comparing the performances for left and right stimuli rotated of the same degree, the stimuli which presented the black patch on the right side were identified in most of the cases faster than the stimuli that had the patch on the left side. It is important to note that most studies on mental rotation, including the present one, recruited only right-handed subjects and found faster responses for right stimuli with respect to left ones both in healthy participants [19, 22, 25, 30] , and clinical patients [3, 29] . The righthanders' preference for right stimuli is also consistent with a recent study that systematically investigated the preference for the "right" stimuli, demonstrating that the effect of laterality is preserved for right-handers (all subjects in the current study were right-handed) but not left-handers [26] . This might be explained by psychophysical evidence that left-and right-handed people have different representation of their own dominant hand [22] , and that several factors, such as proprioception, handedness and visual familiarity, can orchestrate together in mental rotation [26] . In this way, we propose that faster and better responses for "right" stimuli recorded in the present study, is due to subject's hand dominance which is mirrored in their performance in mental rotation.
Concluding remarks
Subject's descriptions of cognitive strategy highlight that interindividual differences can lead to the spontaneous use of different imagery transformations in the presence of one set of instructions. This idea is in line with evidence that a mental strategy usually used for body parts can be used to mentally spatially transform an object [28] . Moreover, given that within each strategy all three types of face or face-like stimuli appear to have been processed in the same way, regardless of the possibility to move the head, we propose the data points to the dominance of the high-level process (mental transformation strategy) over the low-level one (elaboration of the stimulus), following a top-down pathway. This notion is in keeping with evidence that it is possible to voluntary adopt an egocentric (internal) or object-based (external) mental transformation to perform the same imagery task, resulting in the activation of two different but partially overlapping brain networks [28, 36] and supporting the dissociation between egocentric and object-based reference frame [18] .
